The aim of this work is to summarize the main underlying assumptions, simplifications and uncertainties while studying solar energetic particles (SEPs).
Introduction
Energetic electrons, protons and heavy ions of solar origin are routinely being detected by in situ measurements as particle intensity enhancements. This phenomenon is known as solar energetic particles (SEPs) or solar cosmic rays, see a recent review by [1] . Energetic particles originate at some solar activity phenomena (e.g., by acceleration processes during solar flares, SFs, and coronal mass ejections, CMEs) because SEPs follow in time these solar eruptions and the SEP time profiles show velocity dispersion characteristics. The energized particles need to escape the acceleration cite (situated in the lower or higher solar corona) and continue to propagate along the heliospheric magnetic field lines. When these field lines sweep over some space-based detector, a particle enhancement is recorded. SEP events are observed by a satellite situated at an isolated point in the heliosphere, either at fixed orbit close to L1 or around the Sun, as the twin STEREO mission [2] , with rare observations done outside the ecliptic plane (by Ulysses [3] during the period 1990−2009). In this work, we will consider particle data from measurements done close to Earth on a routine basis.
Since 1990s several solar dedicated missions were successfully launched. Among them, SOHO (Solar and Heliospheric Observatory [4] ), ACE and Wind spacecraft continue to provide particle data from their respective instruments. Among these, Energetic and Relativistic Nuclei and Electron (ERNE) instrument [5] on SOHO and Energetic Particle Acceleration, Composition and Transport (EPACT) instrument [6] on Wind are considered in the present work. Another prominent example is the series of nearly identical spacecraft located on geostationary orbit, Geostationary Operational Environmental Satellite (GOES), that provide, among others, particle data since late 1970s [7] . SEP events (usually protons) based on data from the above instruments, are routinely being identified either by observers or via automatic routines. In this work, we consider the following catalogs of proton events: SEPEM ( [8] ), GOES-
IMP-8 ([9]), GOES-SSE ([10]), GOES-SEP ([11]), Wind/EPACT ([12])
and SEPServer ( [13] ). For the purpose of this study we aim to select several well-known in the SEP community and/or recently compiled proton catalogs.
1 http://umbra.nascom.nasa.gov/SEP/ In addition to these, other proton lists also exist 2 , see [14] , [15] and a summary by [11] .
Each of the catalogs reports 100s of individual proton events. Such large amount of data allows for preparing different statistical studies on SEP events and their parent phenomena as well as the quantitative comparisons between the previous and the still ongoing solar cycle (SC), see e.g., [16, 17, 18] .
The statistical works rely on various catalogs of solar data, usually prepared by different scientific or engineering teams. Numerous assumptions and simplifications are employed during the solar data recording, transfer and processing, in addition to the limitations set by the aging performance of a given instrument. Not accounting for these specifics may lead to erroneous conclusions of the performed scientific analysis.
We will focus in this study on the period 1996−2006 (SC23), since the selected above catalogs have data coverage during this time. Few SEP events are reported during 1996 and none during 2007 and 2008. In this study, we aim to summarize a number of physical, positional, instrumental and observer aspects, which ultimately lead to a different report issued for the same SEP event that affects the overall statistical results. Furthermore, we provide an estimate on the effects of the particle intensity magnitude, solar origin location and projection on the linear correlation coefficients between the particles and their solar origin. In summary, we test the validity of selected well-known SEP results and interpretations that are often taken for granted by performing a comparative analysis between particle event lists and their solar origin.
Description of different effects on the SEP events
In this section we list various effects that influence the SEP events and provide, where possible, an estimation of their influence using primarily observational data.
Physics-related data issues: Acceleration, injection and transport mechanisms
Overall, particles can be energized by two physical processes in the solar atmosphere and interplanetary (IP) space, namely, by magnetic reconnection and shocks waves due to solar flares and CMEs (e.g., [9, 19] ). The duration and efficiency of each acceleration process varies from event to event and depends on various reasons that are usually addressed by modeling (see recent review by [1] ).
Location-related data issues: Magnetic connection between acceleration site and observer
After the acceleration, escape and propagation through the IP medium, the SEP could be in principle detected by a satellite connected to the magnetic field line(s) guiding the particles. Namely, a magnetic connection must exist between the particles and the observer.
The particle instruments are situated in various locations: geostationary orbit, L1, or on a complicated route around Earth (as in the case for Wind spacecraft before 2004). This could be an additional reason for a given satellite not to observe a SEP event.
Typically, SEP observations are done by a single spacecraft located at a single point in the heliosphere (usually in the ecliptic plane). At present, there is no possibility to reconstruct the SEP flux in the heliosphere based solely on observations. The observational limitation is the reason that only several hundred of particle events are recorded per solar cycle in contrast to the thousands of flare and CME events observed during the same period. Larger extents of the heliosphere can be monitored by suitably spaced spacecraft (e.g., the twin STEREO spacecraft [2] , L5 (or/and L4) [20] or/and out-of-ecliptic missions). These issues are intrinsic to the SEP phenomena or the detector location in space, respectively. Theoretical, numerical and remote-sensing efforts are needed in order to complement the lack of observational coverage. 
Instrument-related data issues
For the present study, we compared four data sets in the energy range ∼10
MeV, three proton lists in 25−30 MeV and four catalogs in the range 50−70
MeV. IMP-8 and the Wind/EPACT catalogs contain the most abundant data sets. A summary on the catalogs, instruments, time and energy coverage and number of events, used in this study is given in Table 1 .
Data gaps
Data gaps are expected to occur due to interruption of operation (satellite loss, instrument problem, or safe mode status), limited data transfer rate. One could identify when a SEP event is missed by comparing data from two independent instruments, and could recover (roughly estimate) the intensity of the missed proton event after performing a cross-correlation analysis between the fluxes of the two instruments.
Sensitivity and dynamic range
The possibility of detection of weak events by specific instrument is linked to the background intensity level during quiet times. For example, The Wind/EPACT instrument quiet background level is below 0.01 (cm 2 s sr MeV) −1 for the low energy channel and below 0.001 for the high energy channel. Furthermore, [13] showed that the background level for the SOHO/ERNE instrument changes slightly with time epoch.
The detectability limit for a given instrument considered here can be estimated by the lowest value of the peak SEP intensity ever observed, namely: 11 A given detector may be with limited ability to record large proton intensities and thus will suffer from saturation during large events. For example, for about 11% (12/112) of the reported proton events by the SEPServer catalog only a lower limit for their peak flux can be given due to saturation of the energy channels. Since these events should be dropped from quantitative analysis the catalog is biased to low-intensity SEP events.
Contamination
Occasionally, flux from other species and/or energy channels (e.g., pile-up effect) can enter the detector and be recorded erroneously with limited possi-bilities for correction. Such cases have to be excluded from further scientific analysis since the particle flux measurements are unreliable. We evaluated more than 100 weak events (below the 10 pfu threshold level) that are not reported by GOES-NOAA catalog, some included in the GOES-SEP list. Thus, the GOES-NOAA list is biased to strong events starting from a (pre-event) quiet-time intensity level which for GOES-NOAA data is usually 1 pfu. In addition, if a new SEP increase occurs when the flux level is still above the 10 pfu (i.e., a new SEP injection in the aftermath of a strong, ongoing particle event), the new proton event will not be reported. We estimated that about 10 events are omitted due to this reason. The re-analysis of the GOES-NOAA proton events (independently on the available GOES-SEE and GOES-SEP catalogs) is currently under completion and will be reported elsewhere.
An additional subjectivity is imposed when a number of SEP events is not considered for the aim of the specific scientific goal. Often, only large SEP events are taken into account, e.g., [21] selects about 30 major events for their study. In this work we also investigate the effect of selecting different subsets based on proton intensity.
For the analysis in the present study, we compared SEP events from seven different proton catalogs, see Table 1 . In summary, we identified 361 proton events observed at Earth during SC23.
Onset time definitions
There is no unique way to evaluate the time of the SEP onset. Different definitions are still in use, e.g., SEP onset is defined when the particle flux:
rises above pre-event background level of the amount of: 2 [22] , 3 [18] , or 4
[23] standard deviations (sigmas); surpasses a fixed intensity level (e.g., 10 pfu threshold adopted for the GOES proton catalog); is calculated by the Poisson-CUSUM method [24] ; is evaluated using the intersection point between the background and the fitting line to the particle profile [25] . With the exception of the latter case, no error margins are given. If some smoothing on the data is performed, the results will change and the uncertainty on the onset time determination will increase.
Solar origin identifications
The origin of SEP events is usually evaluated by associating a flare and CME (the so-called SEP origin) prior the SEP release time. Usually, the pair with largest flare class/fastest CME is chosen but the procedure includes subjectivity. The proton release time is not directly observed but is being deduced by the observed SEP onset time. If the approximation of a scatter-free transport is adopted, one can estimate the travel time for a given particle speed and obtain the latest possible injection time (of SEPs leaving the solar corona). Using such timing arguments, the SEP solar source is proposed. There are several catalogs for flare and CME characteristics that can be used. the different flare databases are currently being explored and will be reported elsewhere. The offsets in the CME reports provided by CDAW and CACTus are discussed in [27] . A recent study by [28] compares the correlations between the proton intensity and CME speed when using various CME catalogs and shows that the results are consistent.
Local particle acceleration
We completed a visual inspection of the GOES proton enhancements and estimated about 30% of energetic storm particle (ESP) contributions that were reported as SEP events by the GOES-NOAA proton database. Namely, the GOES-NOAA catalog reports erroneously elevated peak values for these cases.
However, [10] (based on the GOES-SSE list) showed that in terms of linear correlation analysis with flare/CME parameters, the SEP and ESP intensities
give consistent results within the uncertainties. In the present study we used the values from the GOES-NOAA, GOES-SSE and GOES-SEP catalogs as reported. 
Projection effects: flares
Occasionally, no flare can be identified as the SEP origin. In the majority of these cases, the flare is behind the limb, as inspected by EUV images and by occulted radio emission signatures. In addition, the SXR emission of limb flares is partially occulted and only a lower limit for the flare intensity is given in the flare listings. This introduces a bias when doing correlation between the observed particle and flare intensities. Some estimation for the occulted and back-sided flare emission is reported by [29] and [30] . However the number of events provided by these databases are not sufficient for the purpose of large statistical studies. In addition, there are no estimations before the STEREO era.
Projection effects: CMEs
The reported CME speed is the projected component on the plane of the sky.
In overall, the reported (projected) CME speed is an underestimation. Limb events, with radially outward propagation, will be the least affected.
There are different schemes proposed to reconstruct the 3D speed of CMEs, e.g., [31] and [32] . Different sets of assumptions are employed. Recent attempts to build a database of the de-projected CME speeds was announced by the HELCATS project 11 . The time coverage after 2007 is the reason not to consider this database for the purpose of statistical study here.
Statistical approaches: limitations and uncertainties
The solar origin identification (flare or CME) is further evaluated based on a strength of the linear correlation between the peak proton intensity with the flare class or with the CME projected speed 12 . While comparing the obtained two correlation coefficients, often no uncertainties are evaluated and the data 11 https://www.helcats-fp7.eu/ 12 Note that the widely adopted procedure to select an event-integrated or fixed in time SEP/flare/CME parameter in order to represent the complex SEP/flare/CME process, respectively, is a gross approximation.
samples are rather small (often well below 100s of events). Small differences (below 20%) in the correlations are used to argue in favor of one or the other accelerator. For example, [33] and [34] reported correlations of 0.4 to 0.5 with the flare, whereas stronger correlations with the CMEs were given by [33] and [35] , 0.6 and 0.7, respectively. Others [9, 36] evaluated the same correlation (∼0.6) with both accelerators. Recently, [36] implemented the bootstrapping method [37] and showed that the statistical uncertainty can reach of up to 20%.
The uncertainty tends to decrease when the data scatter is small but also when the data sample is large. In this work, the same method is used to evaluate the uncertainty of the correlations.
Results

Comparison between different catalogs
We identified the same SEP event in the different particle lists using the following criteria. The reported proton onset times are within one day, the reported peak intensities are both larger/smaller than the median value of the sample, and the associated flares/CMEs (if provided) are the same. At least two of these requirements should apply. Following this procedure we identified 361 individual proton events. About 32% (116/361) are observed by a single spacecraft, whereas the rest are observed by two and more satellites (and only ∼4%
are reported by all seven catalogs). We found that the time offset (between the reported onset times) range from 10s minutes to several hours. Information on the catalogs, instruments, energy and intensity ranges (minimum to maximum value) and the final number of proton events in the considered time period are summarized in Table 1 . We organize the comparative study based on the proton energy, namely low ('l') at average energy of ∼10 MeV, intermediate ('i') at ∼25
MeV and high ('h') at ∼60 MeV, as introduced above.
A cross-correlation was performed on the SEP events as reported by the catalog pairs during SC23, see Figs. 1−3. The Pearson correlation coefficients (log−log) are calculated for each catalog pair and given in each figure. We obtained the highest correlation for GOES-SEP and GOES-NOAA (0.98 ±0.01 ) and the lowest for GOES-SSE and SEPEM (0.67 ±0.08 ). For the intermediate energies (Fig. 2 ) the correlation is higher than 0.87 and at high energies (Fig. 3) the correlation is higher than 0.79. The number of SEP events common for each pair of catalogs is given in brackets in each plot. For completeness we calculated the cross-correlation for the other combinations, however the scatter there is larger, and the correlations decrease to 0.45. Overall, the results show a consistency between proton intensity trends observed by a given instrument compared to other instruments with similar energy coverage, with correlation coefficients ranging from 0.67 to 0.98. The larger scat- ter on some of the plots could be due to the difference in energy channels, an erroneous identification of the same SEP event in the specific catalog pair (e.g., due to insufficient precision of the reported onset timing), due to the different intensity units used (pfu and (cm 2 s sr MeV) −1 ), or other instrument issues.
Temporal trends
In Figure 4 we 
Different onset time definitions
Onset times are reported for all SEP catalogs. For the case of IMP-8 data set the reported onset times are given rounded to the nearest hour which is in general an insufficient accuracy (and thus the uncetainty is at least one hour).
The accuracy for the Wind/EPACT catalog is about 7.5 min due to the smoothing used. The integrated GOES proton fluxes are 5-minute averages. For the SEPServer catalog we adopt an accuracy of one minute due to the reported precision of the onset time.
We obtained the following temporal differences between the reported SEP onset times listed below in terms of mean/median values (and given in hours):
• SEPEM−GOES-NOAA: −7.5/−2.8
• GOES-SSE l −GOES-NOAA: −3/−1.3
• GOES-SEP l −GOES-NOAA: −5.4/−2.3
• SEPEM−GOES-SSE l : −2/0
• SEPEM−GOES-SEP l : +1.5/+1.1
• Wind/EPACT h −SEPServer: +0.8/+0.5
Negative values denote that the SEP onset times from the first data set occur before the values from the second catalog and vice versa. We obtain that SEPEM, GOES-SSE l and GOES-SEP l report similar onset times (within about one hour), whereas they all are systematically earlier than the onset times evaluated for GOES-NOAA catalog (using fixed intensity threshold). The Wind/EPACT i and Wind/EPACT h onsets are slightly later in time than the reported onsets by IMP-8 list and SEPServer catalog (using the CUSSUM method), respectively, for the same SEP event.
Correlation coefficients with flares and CMEs
We calculate the Pearson correlation between the log 10 values of the peak proton intensity and log 10 of the flare class and/or CME projected speed. Examples of these so-called log−log scatter plots are shown in Figure 5 for the GOES-NOAA catalog. With different symbols we show the protons with peak intensity above (filled) and below (open circles) the median intensity value for the sample. The entire proton sample is the sum of both cases. Adopting a specific proton intensity threshold, e.g., considering only large (also termed major)
proton events, will change the correlation coefficients.
In Table 2 we summarize the correlation coefficients in SC23 between all reported proton events from the different catalogs with the identified solar origin.
Additionally, we do the same calculations using the large proton events (namely with intensity larger than the median value for the sample). We calculated the Pearson correlations (log−log) whereas the uncertainties are estimated using the bootstrapping method. For the statistical analysis here, we identified the SEP solar origin (flare and CME) as discussed in Section 2.4.3, and in [18] . From the entire SEP event list (361 events), we could identify 256/361 (71%) SEP-associated flares and 277/361 (77%) SEP-associated CMEs. The reasons for the lower number of the solar origin events are: data gaps (often for the CMEs), multiple eruptions (complex cases), back-sided events (usually for the flares), and uncertain cases.
The value of the correlation coefficients between the proton intensity and the flare class in the low energy channels ranges between 0.37 ±0.10 and 0.59 ±0.07 that largely overlays the range of the correlations with the CME projected speed that has a value as low as 0.31 ±0.10 (see Table 2 ). The ranges for the other energy channels are similar. The error bars range from 5 to 11%. In general, the differences in the correlation coefficients (between the entire proton sample with with flares or with CMEs) are within the uncertainties. These estimates are for all cases in SC23, where flare and CME could be identified, irrelevant on the location of their parent active region. No clear decreasing/increasing trend of the correlation coefficients with proton energy is evident.
In addition, we investigate the change in correlation coefficients when considering large intensity SEP events. The latter is a common start point for many earlier studies. Namely, we aim to investigate the source of the reported discrepancies in the correlations when using the entire and a sub-set of the catalogs. We selected a sub-set from each catalog containing events with peak proton intensity larger than the median value for the given dataset. In Table 2 we present the results calculated following similar procedure as for the entire proton sample.
While comparing the corresponding columns of the table we note that overall the coefficients between large SEP events and flares/CMEs are lower in values that the corresponding coefficients considering the entire proton sample with flares/CMEs. At low energy, the correlations between large proton events with flares are lower than the respective correlations with CMEs, as reported previously. In general, the opposite is obtained for the intermediate and high energies.
The decreasing/increasing tendencies are not statistically significant, since the correlations based on the sample of large proton events have large error bars, mostly due to fewer number of events there. Based on the provided statistical uncertainty the significance of the results could be evaluated.
Projection effects
Both, the flare SXR class and the CME speed are subject to projection effects. Flares close to the limb can be partially occulted. A number of SEPassociated flares probably occurred on the back-side and these cases are dropped from the correlation analysis since no estimate of the SXR flare intensity is possible. The value for the CME speed used here is the reported projected component.
In order to minimize the projection effects on the correlations, in the present study we dropped the cases expected to be severely affected by projection effects, namely flares located close to the solar limb and CMEs erupting close to the solar disk center. There is some subjectivity while selecting the border between on-disk and limb events. Here, we adopt the value of 45 degrees. We present the coefficients for on-disk flares (located from E45 to W45) and limb CMEs (at helio-longitude >E45 and >W45 based on the location of the AR of the CME-associated flare). All correlations coefficients are listed in the respective columns in Table 3 .
With the exception of the 10 MeV SEPEM and GOES-NOAA datasets, there is an increasing tendency, compared to Table 2 for the correlations between all protons with on-disk flares, as expected, since the SXR emission for all flares is expected to be reduced due to partial occultation. For the case of CMEs, the removal of events erupting close to the solar disk center does not improve the correlations, but actually reduces slightly all values. For the case of large protons, in general, both increasing and decreasing tendencies are obtained compared to the large protons with no restriction on flares/CMEs (from Table 2 ). Due to the large uncertainties, however, the differences between all and the reduced event sample are mostly not statistically significant.
Summary and discussion
In the present study we summarized various effects that influence the observed in situ SEP intensity time profiles in terms of physical, instrumental and observer aspects. The list of possible effects could be used as a set of guidelines for particle detection and for the interpretations of the particle data. In the present work we quantify only selected aspects on SEP studies using observational data and different techniques, as given below.
There is a different number of proton events reported by the different event catalogs even when the instruments cover similar energy and ranges and time periods. Possible explanations for this reason are data gaps (e.g., during the period of SOHO loss), instrument sensitivity (e.g., 165 more events are reported by IMP-8 ∼25 MeV, compared to GOES-SEP >30 MeV), and the adopted definition for SEP event identification (e.g., 44 more events are reported by GOES-SEP compared to GOES-NOAA, for the same instrument, energy range and time period).
We found that fixed threshold in particle intensity (as for the GOES-NOAA catalog) give systematically later SEP onset times (by hours) which proves to be as the least accurate method used. Fixes SEP intensity levels (e.g., large SEP events) also introduces a bias when performing correlation coefficients, namely towards reduced correlation with flare class and enhanced correlation with CME speed. This could be one of the explanation of the reported differences in correlation coefficients by earlier works (see comparison done in [38] ). Other reasons include different identifications for the solar origin (flares/CMEs) of the same proton event, energy dependence effect (see trends found by [10] ), different flare/CME databases used.
Large proton events were shown in earlier studies, based on GOES-NOAA catalog, to have higher correlations with CMEs compared to flares [33, 39] . No error bars on the coefficients, however, were reported. In our analysis, when we select a sub-sample from larger than median value proton events, we obtain a similar tendency for SEPEM and GOES-NOAA at ∼10 MeV and for IMP-8 and Wind/EPACT ∼25 MeV. At higher energy, e.g. for GOES-SSE >60
MeV, GOES-SEP >60 MeV and SEPServer catalogs, we obtain the opposite result. Neither of these tendencies are statistically significant, however, which impressively demonstrates the need for validation of the performed statistics.
Proton energy and abundance of the event sample under consideration are also to be considered before doing a solar origin interpretation.
Projection effects are expected to reduce the reported flare class and CME speed and thus the correlations of protons with the de-projected values for flare class and CME speed could change. In the present study, we aimed to reduce the projection effects by applying the exclusion principle in contrast to adopting certain method for correction. On-disk and limb events are approximately separated here at the 45 degree heliolongitude. We confirm an increasing tendency when calculating the Pearson coefficients between the SEP peak flux and on disk flare class. The GOES-NOAA and SEPEM ∼10 MeV databases show a decline that could be due to the methodology for their identification. For the case of limb CMEs, however, we obtain a slight reduction in the correlation coefficients. One possible explanation is that based on the here-chosen criteria for limb CMEs, the sub-set still contains a numerous CME events that suffer by large projection effects. This possibility, added to the overall reduced number of the sample lead to overall reduction of the obtained correlations.
The solar origin proposed by the different teams is not identical but varies to certain degree. This could be another reason for the differences in the reported correlation coefficients. For example, for the IMP-8 data in this work we obtain below 0.5 with flares and above 0.4 with CMEs, whereas, over the same period, [9] reports correlations of ∼0.6 for both. When considering other catalogs (e.g., GOES-SEP), the different time period under consideration (the different number of events in the samples) could be an additional reason for the difference in the reported correlations.
In summary, our results confirm there are number of reasons of different origin that need to be considered when performing SEP observations, identification, statistical analysis and their interpretation. Multiple effects influence the observed results that cannot be corrected for, e.g., location of satellite, data gaps, particle propagation, subjectivity while selecting the SEP origin. On the other side, any particle study should provide the correct identification of SEP events recorded by a given instrument (in contrast to ESP signatures reported as SEPs), onset times and peak intensities with their uncertainty ranges, as well as validated statistical analysis. Finally, improved theoretical models are expected to minimize the limitations of present day observations.
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